The Water Apportionment Accord (WAA) of Pakistan was instituted in 1991 to allocate Indus River water among Pakistan's provinces. This paper assesses the performance of the WAA in terms of the accord's ability to meet the barrages' and environmental demands in the Lower Indus Basin. Use of metrics as assessment tools in water security and climate adaptation is an important field, with the potential to inform sustainable management policy. Reliability, resiliency, and vulnerability are used as indicators to define the system's performance against supply. The results indicate from the pre-Accord period to the post-Accord period, the reliability of Guddu Barrage (the upstream-most barrage in the study) is not changed. However, at Sukkur and Kotri, the most downstream barrage in the study, reliability has significantly decreased. The Results reveal the high vulnerability of the Indus delta in Rabi season when the flows decline and the majority of the water at the Kotri Barrage is diverted.
Introduction
Water insecurity is one of the most pressing challenges of the 21st century [1] and poses a serious threat to ecosystems and human well-being [2] . The Organization for Economic Co-operation and Development (OECD) revealed that by 2050, almost 4 billion people are projected to live in severely water-stressed basins [3] . The UN-Water (2013) defines water security as the "capacity of a population to safeguard sustainable access to adequate quantities of acceptable quality water for sustaining livelihoods, human well-being, and socio-economic development" [4] . Water security is a principal template in environmental resources management to provide safe and equitable access to water supplies [5] . A reliable water supply among all sectors is crucial for economic growth and water availability for agricultural production and energy generation [6, 7] .
Achieving water sustainability is becoming more challenging. Historically, domestic water requirements have been small worldwide as compared to agricultural, but that is changing as the population grows, people move to cities, and living standards increase [8] [9] [10] . In addition, climate change is projected to noticeably affects extreme events such as drought and floods. Temperatures have been increased (0.58-2 • C) over the last 150 years [11] and will continue to increase [12] leading to changes in agricultural water demand and human uses. Global climate models project more frequent occurrences of droughts during the twenty-first century [13, 14] . A 1% increase in drought-stricken area may reduce GDP growth rate by 2.8% [15] . Overall, achieving water sustainability now requires considering the complexity of the situation, carefully analyzing investments in water infrastructures and building institutional and societal capacity for adaptation [16] , all under uncertain conditions. Previous studies of the Indus River system and the WAA in Pakistan have highlighted the shortcomings of the WAA and supporting water-management infrastructure and the potential consequences of future changes in hydroclimate and demand. Less than a decade after the WAA was introduced, it was noted that the allocation among provinces was not formulated to respond to climatic, economic, social, and technological changes in Pakistan [17, 18, 28, 34, [38] [39] [40] . Past studies have not investigated the integrated performance of infrastructure components of the Indus before and after the WAA. The aim of the present study here was to evaluate the historical performance of the WAA of 1991 in terms of reliability, resilience, and vulnerability of Lower Indus Basin water-management infrastructure. This will help identify infrastructure enhancement needs that would be most beneficial.
Section 1 introduces the Water Apportionment Accord of 1991, previous water resources modeling of the Indus Basin, and a brief comparison, the problem statement, and the aims and objectives of the study. Section 2 provides a detailed description of the study area, an overview of the water resource evaluation techniques, an analysis approach, and metrics that are followed in this research. Section 3 presents the results of the performance of the Water Apportionment Accord of 1991. Section 4 concludes and summarizes all the assessments and proposes future water resources' research to support a sustainable Indus River and Pakistan.
Materials and Methods
The statistical indices that are frequently used to assess any change in two periods are standard deviation, the standard error of estimates, the two-tailed t-test, and variance. A detailed review of these performance measures was given by Montgomery and Runger (1994) [41] . Past researchers have used various criteria for performance evaluation of water resource systems [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] , including quantifying severity, duration, and recurrence. Also used have been integrated measures and specialized measures of aspects of performance such as risk, safety, robustness and reliability, resilience, and vulnerability (RRV). This study employs RRV to assess the performance of the Indus River major infrastructure systems in the Sindh Province to determine the efficacy of the WWA.
Study Area
The 3180 km Indus River originates in Tibet (China) and enters Pakistan at Ladakh, Gilgit-Baltistan. The Indus curves toward the south, enters Peshawar's hilly region flow quickly through the Hazara, and is controlled at the Tarbela Reservoir. It then enters the Punjab region and travels the entire length of Punjab, where four other rivers, Jhelum, Chenab, Ravi, and Sutlej, drain into the Indus. Ahead of the confluence of these four Rivers, the Indus enters the Sindh Province at Kashmore.
Unlike other provinces in Pakistan, the Sindh has limited alternative water resources; it relies almost entirely on the flow available from the Indus. In Sindh Province, water is distributed from the Guddu Barrage in Kashmore, the Sukkur Barrage in Sukkur, and the Kotri Barrage in Jamshoro. The Kotri Barrage is the last controlling structure on the Indus and below Kotri the Indus discharges into the Arabian Sea near Thatta. The segment of the Indus River under consideration in this research is the Lower Indus River, served by the Guddu, Sukkur, and Kotri Barrages in Sindh Province (see Figure 1 for details). These barrages supply the world's fourth-largest irrigation system, delivering water to command areas throughout Sindh [54] . The annual entitlements for these barrages and the environmental water demands are shown in Figure 2a 
Evaluation of Historical Performance of WAA (1970-2015).
Reliability considers system's performance during periods of service over the design life. The aim of Reliability-based design is to avoid failure and provide a fail-safe performance. Reliability is a widely used concept to describe the probability and frequency of failures of water supply systems [48] . In the case of a water supply reservoir, the periods in which water supply is sufficient to meet demand are termed as satisfactory; otherwise, it is considered to be in an unsatisfactory state. Reliability is commonly defined as the ratio of the number of satisfactory periods to the number of the total simulation periods [48, 50, 55] .
The study follows Hashimoto's definition; with reliability being how frequently the system does not fail (or performance is satisfactory): 
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The study follows Hashimoto's definition; with reliability being how frequently the system does not fail (or performance is satisfactory):
where d(i) is the duration of the ith failure event, n is the number of failure events, and T is the total number of time intervals.
Resilience provides a measure of how quickly a system recovers from the failure. Hashimoto et al. (1982) defined the resilience as the conditional probability that the system is in a satisfactory state in a particular period given that it was in an unsatisfactory state in the preceding period [48] . Resilience has been applied with varying definitions in socio-ecological sciences [56] [57] [58] [59] . Fiksel (2003) defined a system that could survive large perturbations [60] . Moy et al. (1986) introduced the maximum duration of the failure sequences over the functional period [50] . Chanda et al. (2014) applied the mean duration of consecutive failure sequences over the operating horizon [61] . Recently, there has been a paradigm shift in water resources research, from a "fail-safe design" to a "safe to fail" one. Generally, the resilience of a system can be categorized in two ways. Engineering resilience, that focuses on the constancy, efficiency, and predictability. It is measured using resistance to disturbance and speed of return to the equilibrium state [62, 63] . While ecological resilience measures the magnitude of disturbance that the system absorbs before the structure is changed [64, 65] . These two aspects of stability are equally important in water resource systems; one measures the efficiency (engineering), while the other represents the system's existence (ecological). In this paper, the mean recovery time after a failure represents resilience.
where S(t) is the system state variable under consideration. This definition of resilience is equal to the inverse of the mean value of the time the system spends in an unsatisfactory state and it is estimated by Kjeldsen and Rosberg, 2004 [66] as:
where M is the number of failure events. Vulnerability is described as the severity of deficits during failure periods. The vulnerability has remained a key indicator to the susceptibility to harm in both engineering and ecological systems. The vulnerability assessment involves interpretations of the thresholds of acceptable risk. Adger (2006) defines vulnerability as "the state of susceptibility to harm from exposure to stresses associated with environmental and social change and from the absence of capacity to adapt" [67] . The often cited Intergovernmental Panel on Climate Change (IPCC) description of vulnerability is "the degree to which a system is susceptible to and is unable to cope with adverse effects" [68] . A number of metrics are proposed to analyze the vulnerability: The mean deficit [48, 61, 69, 70] , the median deficit [47] , and the maximum deficit [50, 71, 72] of each failure event over the operational period and the return period of a certain level of cumulative deficit [47] . Since this is a dynamic phenomenon in biophysical processes [73] , there is still a research gap to find suitable ecological vulnerability metrics. The present study adopts Hashimoto's (1982) [48] mean deficit values, which is a commonly-used metric in similar investigations.
The vulnerability representing the likely damage of a failure event, as defined by Hashimoto et al. (1982) [48] , is:
where h(j) is the most severe outcome of the jth sojourn in an unsatisfactory state and e(j) is the probability of h(j) being the most severe outcome of a sojourn in an unsatisfactory state. Hashimoto et al. [48] and Jinno et al. [74] based the vulnerability measures on the total water deficit experienced during the entire jth sojourn into F, i.e., the deficit volume. This definition is suitable for reservoirs, as the most severe outcome of a reservoir state is often empty, h(j) = 0. As a further simplification of Equation (4), both studies considered the probability of each event to be equal, i.e., e(1) = . . . = e(M) = 1/M, where M is the number of failure events. Therefore, the estimated vulnerability is the mean value of the deficit events:
where the v(i) is the mean value of the deficit events. Water system vulnerability ranges from (0, 1). It is useful to categorize in many ways for analysis. One approach is to define categories using Jenks optimization, also recognized as "Jenks natural breaks" [75] . Jenks optimization attempts to lessen the average deviation of an individual class, while simultaneously maximizing every class deviation from the means of the other classes. Like the product, the vulnerability values found from Equation (5) Hashimoto's RRV model has been found to be straightforward to apply and adaptable under data constraints [42] [43] [44] [45] . The RRV metrics have been widely applied around the world to evaluate water allocation schemes [46, 47] and one that permits comparison among studies and reproducibility. Although RRV criteria have remained a widely used concept in water resource planning, the assessment based on historical time series are problematic. Kjeldsen and Rosbjerg (2004) recommended the use of simulated long data series [66] . Sometimes the severity of a low probability event can be high, therefore, the recent idea of safe to fail as opposed to fail-safe is recommended for resource planning [69] . Because they are simple, versatile, and have fewer data requirements compared to other models, the choice for this study was to use Hashimoto's RRV metrics as the basis for the assessment of the historical performance of the WAA.
The historical performance assessment of the Accord is divided into two periods for this study, pre-Accord (1970-1990) and post-Accord (1991-2015). The total volume of flow passing over ten-day periods for the 45 years of the study were acquired for Guddu, Sukkur, and Kotri Barrages from the Pakistan Water and Power Development Authority (WAPDA), Indus River System Authority (IRSA), and Sindh Irrigation Department. The WAA of 1991 distributes water on a ten-day (i.e., seasonally system-wise adjusted allocations) basis throughout Pakistan. These ten-day entitlements are based on the water demands of command areas of the barrages. Similarly, there is also apportionment for Guddu, Sukkur, and Kotri Barrages' commands as shown in Figure 2a . To establish the WAA, these entitlements were defined by the Government of Pakistan after an analysis of stream flow and demand data for the period of 1977-1982. In the present research, these entitlements are set as the threshold for the performance of the barrages; if the supply is equal to or greater than these demands/entitlements, the performance of the barrage is satisfactory (S); otherwise, it is unsatisfactory (US). Using this threshold, the performance of the three barrages can be quantified using RRV for pre-accord and post-accord periods. A comparison of pre-and post-accord supplies to the Lower Indus Basin (LIB) reservoirs is performed using three different approaches. (1) The flow provisions and e-flows were compared using monthly maximum (Q 100 ), 75th, 50th, 25th percentiles, monthly minimum (Q 0 ), and mean monthly flows (trend results for Kharif, Rabi seasons in pre-and post-accord periods are compared). (2) The percent of the time when discharge was equaled or exceeded (using flow-duration curves for pre-and post-accord periods). (3) Using the RRV criteria, the probability of failure, mean deficit of water supply and mean duration of water shortage. These three approaches provide insights into how water availability varies between pre-and post-accord periods.
Results
The deficit of allocated shares versus water availability for Lower Indus (Sindh) is shown in Figure 3 and Tables 1 and 2 Figure 4 shows the flow duration curves for the pre-and post-Accord periods. The proportion of time at which the flows of Guddu, Sukkur, Kotri Barrages and e-flows exceeded the entitlements was determined by generating flow duration curves. The flow availability in the pre-Accord period at all three barrages was more than that of the post-Accord's flow. At Guddu Barrage, the probability exceedance curves show that the discharge was almost the same in the pre-and post-Accord periods. The mid and lower flows (which exceeded the allotment by about 40%) are relatively similar, but the larger flows exhibit much variability. The Sukkur and Kotri Barrages' flow duration curves show that the amount of water availability was significantly reduced in the post-Accord period. Figure 4 shows the flow duration curves for the pre-and post-Accord periods. The proportion of time at which the flows of Guddu, Sukkur, Kotri Barrages and e-flows exceeded the entitlements was determined by generating flow duration curves. The flow availability in the pre-Accord period at all three barrages was more than that of the post-Accord's flow. At Guddu Barrage, the probability exceedance curves show that the discharge was almost the same in the pre-and post-Accord periods. The mid and lower flows (which exceeded the allotment by about 40%) are relatively similar, but the larger flows exhibit much variability. The Sukkur and Kotri Barrages' flow duration curves show that the amount of water availability was significantly reduced in the post-Accord period. Figure 4 shows the flow duration curves for the pre-and post-Accord periods. The proportion of time at which the flows of Guddu, Sukkur, Kotri Barrages and e-flows exceeded the entitlements was determined by generating flow duration curves. The flow availability in the pre-Accord period at all three barrages was more than that of the post-Accord's flow. At Guddu Barrage, the probability exceedance curves show that the discharge was almost the same in the pre-and post-Accord periods. The mid and lower flows (which exceeded the allotment by about 40%) are relatively similar, but the larger flows exhibit much variability. The Sukkur and Kotri Barrages' flow duration curves show that the amount of water availability was significantly reduced in the post-Accord period. 
Reliability
Since the implementation of the Accord, there have been significant reductions in the reliability observed in the Lower Indus Basin (Sindh). In pre-Accord (Kharif) season, out of 21 years, the Guddu and Sukkur Barrages remained reliable for 48% of the time and 34% for Kotri Barrage, while in the post-Accord period, out of 25 years, the system reliability was observed to be 44% (−4%), 24% (−50%) and 32% (−4%) at Guddu, Sukkur, and Kotri Barrages, respectively. In pre-Accord (Rabi) season, the Guddu remained reliable 48% of the time, Sukkur and Kotri Barrages remained reliable 15% of the time, while in the post-Accord period, the system was reliable 44% (+12%), 16% (+1%), and 12% (−4%) of the period at Guddu, Sukkur, and Kotri Barrages, respectively. The mean reliability improved by 0.01 at Guddu and dropped 0.06 at Sukkur and 0.12 at Kotri. Overall, during the post-Accord period in both Kharif and Rabi seasons, at Guddu Barrage the average reliability was improved by 1.1%, declined 7.7% at Sukkur, and declined by 16.2% at Kotri. Figure 5 describes the reliability during preand post-Accord periods (Kharif and Rabi seasons). 0.01 at Guddu and dropped 0.06 at Sukkur and 0.12 at Kotri. Overall, during the post-Accord period in both Kharif and Rabi seasons, at Guddu Barrage the average reliability was improved by 1.1%, declined 7.7% at Sukkur, and declined by 16.2% at Kotri. Figure 5 describes the reliability during preand post-Accord periods (Kharif and Rabi seasons). 
Resilience
Since implementation of the accord, the overall system has been more resilient, except at Sukkur Barrage. Figure 6 shows the mean resilience in pre-and post-Accord periods. Overall, at Guddu and Sukkur Barrages, the average resilience diminished by 39.3% and 0.42%, respectively, whereas Kotri experienced an improvement of 70%. Figure 5 illustrates the resilience during pre-and post-Accord periods. The Guddu and Sukkur Barrages indicated insignificant differences, while the larger values at Kotri Barrage indicated significant differences in both periods. In the pre-Accord (Kharif) season, the average resiliencies were found to be 0.0079, 0.0087, and 0.020 at Guddu, Sukkur, and Kotri Barrages, respectively, while in the post-Accord period, the average resiliencies of these three barrages were determined to be 0.062, 0.043, and 0.074 respectively. Similarly, in the pre-Accord (Rabi) season, the average resiliencies was 0.0088, 0.039, and 0.04, whereas in the post-Accord period, the average resiliencies of these three barrages were 0.038, 0.035, and 0.143 at Guddu, Sukkur, and Kotri Barrages, respectively. 
Vulnerability
The lower Indus basin irrigation system was more vulnerable in the post-Accord period with the worst performance at Sukkur and Kotri. Figure 7 shows the vulnerability in pre-and post-Accord periods in both Kharif and Rabi seasons. The smaller t-values at Guddu and Sukkur Barrages indicate insignificant differences, while the larger values at Kotri Barrage indicate significant differences in both periods. Overall, at Guddu Barrage, the average vulnerability remained unaffected during preand post-Accord periods, augmented by 12.5% at Sukkur and nearly 90% at Kotri. In the pre-Accord (Kharif) season, the average vulnerabilities were observed to be 0.0355, 0.066, and 0.049 at Guddu, Sukkur, and Kotri, respectively, whereas the average vulnerabilities determined throughout the post- 
The lower Indus basin irrigation system was more vulnerable in the post-Accord period with the worst performance at Sukkur and Kotri. Figure 7 shows the vulnerability in pre-and post-Accord periods in both Kharif and Rabi seasons. The smaller t-values at Guddu and Sukkur Barrages indicate insignificant differences, while the larger values at Kotri Barrage indicate significant differences in both periods. Overall, at Guddu Barrage, the average vulnerability remained unaffected during pre-and post-Accord periods, augmented by 12.5% at Sukkur and nearly 90% at Kotri. In the pre-Accord (Kharif) season, the average vulnerabilities were observed to be 0.0355, 0.066, and 0.049 at Guddu, Sukkur, and Kotri, respectively, whereas the average vulnerabilities determined throughout the post-Accord were 0.033, 0.054, and 0.142 at Guddu, Sukkur, and Kotri, respectively. In the pre-Accord period (Rabi season) at Guddu Barrage, the average vulnerability was observed to be 0.02. At Sukkur and Kotri Barrages, the average vulnerabilities during the 21 years of the pre-Accord period were 0.143 (medium-M) and 0.144 (medium-M). Conversely, in the post-Accord period, the average vulnerabilities examined at the three barrages were found to be 0.028, 0.114, and 0.23. Since 2000, there have been significant reductions in the reliability of the Indus delta below Kotri. During the 23 years, there were 10 years when the system performance was unreliable as measured Since 2000, there have been significant reductions in the reliability of the Indus delta below Kotri. During the 23 years, there were 10 years when the system performance was unreliable as measured against the allotted shares. During the Rabi season, over the 20 years the water availability was less than the allotted share at Kotri Barrage. The targeted reliability, 1, was attained in only nine years in Kharif and only 3 years in Rabi season. The lower Indus basin irrigation system was observed to be more vulnerable in the post-Accord period with exacerbation in the performance by nearly 90% at Kotri. In the Kharif season, the average vulnerability was 0.17, with the system most vulnerable during 2006 and the observed value was 0.31. While in the Rabi season, the average vulnerability at the same barrage was 0.7 (see Table 3 for mean reliabilities of the pre-versus post-Accord periods). 
Discussion and Conclusions
This research presented a comprehensive study of Pakistan's Water Apportionment Accord of 1991 at the lowermost Guddu, Sukkur, Kotri Barrages and environmental flows below Kotri. During Kharif and Rabi at Guddu Barrage, out of 46 years, there were 21 years when water availability was less than the allotted share. Sukkur and Kotri Barrages experienced 30 and 32 water deficit years in Kharif, while in Rabi, the water deficit years were 36 and 39 years, respectively. The most vulnerable condition was observed during 2007, when the system reliability was almost 0, with the most extreme vulnerability condition of 0.99 at Kotri Barrage. During the post-Accord period in both Kharif and Rabi seasons, at Guddu Barrage the average reliability was enhanced from the pre-Accord period by 1.1% and declined 7.7% at Sukkur and 16.2% at Kotri. At Guddu and Sukkur Barrages, the average resilience diminished by 39.3% and 0.42%, whereas Kotri shows improvements by 70%. However, at Guddu Barrage, the average vulnerability was unaffected during pre-and post-Accord, while it reduced 12.5% at Sukkur and nearly 90% at Kotri.
The lack of flexibility of the WAA is rooted in the provisions of clause 14b, which uses the average flow of 144.75 km 3 (1977-1982) of the system to set the water allocation formula used by the Indus River System Authority (IRSA). The WAA does not provide operational rules for every control structure; these rules should be well established and enforced. The Indus delta runs dry for several months in the Rabi season (October-March) each year. The surplus water is available for only 70-100 days during the flood season (June-September). According to WAPDA (Water and Power Development Authority, Pakistan), 43.2 km 3 of water on average is outflowing to sea each year. It is a precarious situation that, despite an excess supply of almost 30.84 km 3 , it is not being used to regulate flow downstream from Kotri because of inadequate storage capacity in the country. Therefore, there is a pressing need to practice clause 6 of the WAA; "the need for storages, wherever feasible" should be carried out on an emergency basis to combat the future shortage.
Water allocation between the upper and lower riparian is a multidimensional problem. The Sindh Province of Pakistan has no alternative to meet the growing demand, other than the Indus River. As domestic and industrial demands increase, the only choice remaining is to reduce the irrigation demands and control water losses. The Singapore case study is a great example of achieving long-term water security. Singapore has significantly reduced dependence on water supply from Malaysia by maximizing rainfall use, managing per capita demand, implementing ordinances, employing water efficiency measures, water reuse, and public education [76] [77] [78] . The present study notes the need to consider alteration to the WAA of 1991 to account for future changes in demand, ecology, meteorology, glaciology, and other expected changes to define an allocation based approach for shortage conditions. The RRV-based investigations evaluate how different criteria interplay and help in evidence-based policy (EBP) for optimal reservoir operations. Future research could explore the optimal trade-off between RRV to maximize the reliability, by minimizing the severity and duration of water shortage.
